 1  2 
is capable of functioning independently, the majority of evidence suggests that the tail is 31 associated with the core under most circumstances. 32
Given that the middle and head modules can be recruited to promoters and facilitate 33 preinitiation complex (PIC) assembly independent of the tail module, it appears that a major role 34 35 of the tail is to increase the probability of Mediator-PIC interactions by recruiting and tethering 36 the complex to promoter-proximal transcription factors (Jeronimo et al. 2016) ; however, this 37 does not appear to be the only role of the tail and many questions remain regarding its structure 38 and function. The tail is highly flexible and has thus been difficult to visualize using the 39 composite cryo-EM imaging techniques that have recently enabled high resolution structures of 40 core Mediator (Tsai et al. 2017 ). In addition, many studies of Mediator structure have focused 41 on yeast Mediator complexes, which lack some tail subunits found in humans and plants 42 (Bourbon 2008) . Structural, genetic, and functional data from a number of organisms support 43 the existence of two submodules within the tail, one comprising MED2, MED3, and MED15, and 44 another comprising MED5, MED16, and MED23 (Li et al. 1995; Ito et al. 2002; Zhang et al. 45 2004; Béve et al. 2005 ; Robinson et al. 2015) . Although loss of MED16 results in separation of 46 the rest of the tail from the complex, the free MED2-MED3-MED15 submodule can still be 47 recruited by transcription factors to activate transcription (Zhang et al. 2004; Galdieri et al. 2012) . 48
Aside from its role in recruiting Mediator to promoters, the tail module also facilitates reinitiation 49 by helping to maintain a scaffold PIC (Reeves and Hahn 2003) . Negative regulation of 50 transcription also occurs through the tail in some instances. CDK8, the enzymatically active 51 within the complex (Bonawitz et al. 2012) . Under our growth conditions, all of these med 86 mutants develop similarly to wild-type plants (Figure 2 and Dolan et al. 2017) , with a few 87 exceptions. The med2 plants fail to stand erect as they get taller, indicating that they have 88 weakened inflorescences (Dolan et al. 2017 ). In addition, the med2 and med16 mutants appear 89 to have slightly smaller rosettes than wild type early on in development ( Figure 2) . We also 90 observed that med2 and med5ab plants flower early (discussed in more detail below), whereas 91 med16 is known to be late-flowering (Knight et al. 2008) . 92 93 med tail mutants have unique effects on the transcriptome 94
We grew all of the med mutants under a 16 hr light, 8 hr dark cycle for 18 days, at which 95 time we collected whole-rosettes for RNA extraction followed by RNAseq analysis (Figure 2 and 96 Dolan et al. 2017 ). In our previous analysis of the data, we showed that in the med2 and 97 med5ab mutants, significantly more genes are downregulated than upregulated (Dolan et al. 98 2017) . We also showed that many more genes are differentially expressed in med16 than in the 99 other mutants, with a similar number of genes being up-or downregulated, and that in med23 100 very few genes are differentially expressed (Dolan et al. 2017 ). Here, we analyzed the same 101 data in more detail using a stricter false discovery rate (FDR) of 0.01 and the same 2-fold 102 change minimum cutoff, with the expectation that these genes would be more likely to represent 103 those that directly require the MED subunits for their proper expression ( Figure 3 ). Using these 104 criteria we found that there were 364 differentially expressed genes (DEGs) in med2 (53á, 105 311â), 305 DEGs in med5ab (66á, 239â), 768 DEGs in med16 (289á, 479â), and 47 DEGs 106 in med23 (15á, 33â). 107
Comparison of the genes that were differentially expressed in each of the four med 108 mutants showed that there were a large number of DEGs unique to each line, except for med23. 109
Most of the DEGs in med23 were also differentially expressed in med5ab and/or med16 ( Figure  110 4). There were also a large number of genes (103) that were shared only by med2 and med16. 111 wild type med5ab med2 med16 med23 Figure 3 . Volcano plots showing differential gene expression in the med mutants Genes with an adjusted P value of < 0.01 and a log 2 fold-change ≥1 are highlighted in red.
≥ ≥ ≥ ≥ -log 10 P value encodes a defensin-like family protein (AT2G16367). Given that there were so few DEGs in 119 med23, it was not surprising that there was so little overlap between all four mutants. For this 120 reason, we also looked at the DEGs shared just by med2, med5ab, and med16 (Table 1) . 121
Among the 31 genes that are downregulated in the three mutants, there is no significant 122 enrichment of any gene ontology (GO) terms. The three mutants share only two upregulated 123 genes, those being MYB47 and SAUR12. 124
125
To determine how the expression profiles of the mutants correlate more broadly, we 126 compared the expression of all DEGs that had an FDR < 0.01 in at least one of the mutants 127 ( Figure 5A ). This approach revealed a positive correlation in the expression profiles of med5ab 128 and med23 (r = 0.61). There was little correlation between the other expression profiles with 129 med5ab and med16 being the most different from one another. Stronger correlations were 130 observed when the comparisons were limited to only those genes that met the FDR cutoff in 131 both mutants ( Figure 5B ), except in the case of med16 and med5ab, in which many genes were 132 differentially expressed in opposite directions. 133
134

MED tail mutants affect different biological processes 135
Gene ontology (GO) term enrichment analysis of the DEGs in each of the mutants 136 showed substantial differences in the pathways and processes affected ( Figure 6 ). Defense and 137 cellular stress pathways are upregulated in med16, whereas the same pathways are 138 downregulated in med5ab. Several other defense pathways are downregulated in med5ab that 139 are not affected in the other mutants, as are "vasculature development" and "response to cold". 140 up-regulated down-regulated Figure 4 . Overlap in up-or downregulated genes between the med mutants. Includes all genes that were differentially expressed compared to wild type (FDR <0.01) with an absolute log 2 fold change ≥ 1.
In med16, many genes related to the biosynthesis of secondary metabolites, response to water 142 deprivation, and transcription, are downregulated. Among the 311 genes that are downregulated 143 in med2, only three GO-terms are enriched; they are, "plant hormone signal transduction", 144 "response to bacterium", and "stillbenoid, diarylheptanoid and gingerol biosynthesis". Likewise, 145 only three GO-terms are enriched in the med23 mutant and all are downregulated. They include 146 Figure 5 . Pairwise comparison of the gene expression profiles of the med mutants Scatter plots comparing the log 2 fold change in expression compared to wild type of genes that are (A) differentially expressed in any of the four mutants (FDR < 0.01) or differentially expressed in both mutants being compared. The Pearson (r) correlation is given for each pair of comparisons.
B B
A "response to chitin" and "ethylene-activated signaling pathway", which are shared with med5ab, 147 and "transcription, DNA-templated", which is shared with med16. 148
149
Hierarchical clustering identifies genes that require different subsets of MED tail 150
subunits for their proper expression 151
To identify groups of genes that behave similarly or differently in the med mutants, we 152 performed hierarchical clustering using the complete set of 1080 DEGs (Figure 7 ). Six major 153 gene clusters were identified ( Figure 7A Figure 6 . Gene ontology enrichment among genes that are differentially expressed in the med mutants Enrichment of "Biological process" GO-terms and KEGG pathways. Terms that were largely redundant were removed. Direction indicates the subset of genes with increased or decreased expression in each of the mutants compared to wild type (FDR < 0.01, absolute log 2 fold change ≥ 1). The brightness of the circles indicates the significance of the term or pathway (-log FDR) and their size indicates the number of genes that are associated with that term or pathway. Expression Distance -Dim. 1 Expression Distance -Dim. 2 involved in numerous defense pathways ( Figure 7C , Table 2 ). Cluster 5 contains genes that are 163 upregulated in all of the mutants and is enriched for genes involved in phenylpropanoid 164 biosynthesis and extracellular processes ( Figure 7C , Table 2 ). Finally, cluster 6 contains genes 165 that are strongly downregulated in med16 and upregulated in med5ab. These genes encode 166 proteins involved in pollen exine formation and those that are localized to the extracellular 167 region. Together, these data provide a basis for discovering pathways and processes that 168 require the function of individual or multiple MED tail subunits for their regulation. med mutants may stem from loss of MED-transcription factor interactions. To identify classes of 175 transcription factors that might interact with MED2, MED5, MED16, or MED23, we assessed the 176 enrichment of putative transcription factor binding sites in the promoters of genes that were 177 downregulated in each of the mutants. We chose to use the downregulated genes because of 178 the well-understood function of Mediator in gene activation. Using the Athena analysis suite we 179 identified transcription factor binding motifs that were enriched among the promoters of med2, 180 med5ab, and med16 downregulated genes (Table 3) The med2 and med5ab mutants are early flowering 197
As previously mentioned, the med16 mutant is late flowering (Knight et al. 2008 ) and we 198 initially observed that the med2 and med5ab mutants appeared to flower early. When we 199 quantified this phenomenon, we found that med2 plants flowered an average of 2.1 days earlier 200 and with 2.6 fewer rosette leaves than wild type plants ( Figure 8A and B) . Similarly, med5ab 201 flowered an average of 1.5 days earlier than wild type and with 2.1 fewer rosettes leaves. 202
Consistent with the previously published results, med16 flowered an average of 8.9 days later 203 and with 7.3 more leaves than wild type. Additionally, med23 plants had an average of 1.3 more 204 leaves at the time of flowering. 205 In the med16 mutant, the late flowering phenotype was attributed to reduced expression 206 of clock components, leading to a reduced expression of flowering genes, namely CO and FT 207 (Knight et al. 2008) . Although CO transcripts were not detectable in the samples we analyzed, 208 expression of FT was strongly reduced in med16 ( Figure 8C ). In addition, expression of FLC, a 209 negative regulator of the floral transition (Michaels and Amasino 1999) , was increased in med16. 210
Examination of the major genes involved in flowering did not reveal an obvious cause for the 211 early flowering of med2 and med5ab ( Figure 8C ). In the case of med2, FLC is substantially 212 upregulated without concomitant downregulation of it targets SOC1 and FT, suggesting that 213 FLC might partially require MED2 for its function in repressing the floral transition. It is also 214 possible that the effect of med2 and med5ab on flowering time is too subtle to be detected at 215 the transcriptional level. In addition, the expression of many flowering and clock genes cycles 216 diurnally, therefore differences in expression might be less apparent at the time we sampled the 217 plants than at other times during the day. 218
219
MED23 and MED5a may have tissue-specific functions 220
Only nine DEGs were identified in med23, four of which have not been characterized, 221 lending little information as to whether MED23 has any unique functions in transcription 222 regulation (Table 4 ). To explore whether MED23 might play a more predominant role in other 223 organs or in particular tissues, we used the Arabidopsis eFP browser to compare the expression 224 of the MED23, MED5a, MED5b and MED16 (data for MED2 was not available) during the 225 development of different organs ( Figure 9A ) and in different tissues ( Figure 9B ) (Winter et al. 226 2007) . MED23 was expressed in all organs, but was expressed more strongly in seeds, flowers, 227 roots, and shoots than in leaves ( Figure 9A ). MED23 also showed substantial expression in 228 mature pollen, whereas the other MED genes did not. Most striking, however, was the strong 229 expression of MED23 in the shoot apical meristem ( Figure 11B , "Peripheral zone", "Central 230 zone", "Rib meristem"). These data suggest that MED23 might have specific functions in 231 meristematic or reproductive development. This hypothesis is strengthened by the observation 232 that the floral specification gene AGAMOUS (AG) is upregulated in med23 (Table 4) , and that 233 several other genes involved in embryo, floral, or meristem development are co-expressed with 234 MED23 (Table 5 ) (ATTED-II v8.0, Aoki et al., 2016) . The eFP data also showed that MED5a is 235 more highly expressed than MED5b during most developmental stages, and has a much higher 236 level of expression in guard cells than the other MED subunits we examined. 237
MED tail mutants might affect alternative mRNA processing 239
Many genes involved in RNA processing are co-expressed with MED23 (Table 5 ). In 240 humans, MED23 interacts with mRNA processing factors and is required for the alternative 241 splicing and polyadenylation of a significant number of transcripts (Huang et al. 2012 ). To 242 determine if MED23 or the other MED subunits examined here might be involved in alternative 243 splicing in Arabidopsis, we queried our RNAseq data for differential splicing events using the 244 diffSpliceDGE function in edgeR (Robinson et al. 2010 ). To detect alternative exon usage, 245 Using an FDR cutoff of 0.05, we detected a handful of alternatively spliced (AS) transcripts in 247 each of the mutants, with the most being found in med23 ( Figure 10A ). The vast majority of 248 these were not differentially expressed at the level of the whole gene. GO-term enrichment 249 analysis of the AS transcripts found in each mutant showed that genes encoding ribosomal 250 proteins, membrane proteins, chloroplast localized proteins, vacuolar proteins, and cell wall 251 proteins were enriched in all four mutants (FDR < 0.05). In addition, the UniProt keyword 252 "alternative splicing" was also enriched in all four lists, indicating that many of these transcripts 253 have previously been shown to be alternatively spliced. Of the approximately 30 alternative 254 splicing events that we examined, all but one occurred at the 5′ or 3′ end of the gene (e.g. 255 Figure 10B ), with many occurring within the untranslated region. They also all exhibited 256 relatively small fold-changes, such that they could not be identified from coverage maps by eye. 257
Together, these results suggest that these MED subunits, particularly MED23, might influence 258 alternative RNA processing, either directly or indirectly. 259
One of the "alternative splicing" events appeared very different from the rest. 260 AT1G64790 was detected as an alternatively spliced transcript in med2 and med23 because of 261 a large number of reads that mapped to a region spanning the first and second introns of the 262 gene that were not present in wild type (Figure 11 ). According to the Araport11 annotation of the 263 Arabidopsis genome, this region produces a cluster of 24 nt small RNAs. It has also been 264 shown to be differentially methylated in the C24 and Ler ecotypes, and undergoes 265 Although our gene expression analysis pointed to a potential reason for the early flowering of 293 med2, additional studies will be required to determine the mechanistic cause. At the time that 294 rosettes were sampled for RNAseq analysis, some plants had formed an apical bud. This may 295 explain why genes related related to pollen exine formation appeared to be upregulated in 296 med5ab and downregulated in med16 ( Figure 7A , Table 2 , Cluster 6) 297
In the collection of MED mutants we examined, relatively few genes passed our criteria 298 for differential expression (Figure 4 ). We found that, although the mutants shared many 299 differentially expressed genes, there were also a large number of genes that were uniquely 300 differentially expressed in each mutant. Genes that were upregulated in all four mutants showed 301 an enrichment of genes encoding extracellular proteins, as well as phenylpropanoid related 302 genes ( Figure 7A , Cluster 5), consistent with their ability to rescue the phenylpropanoid-deficient 303 mutant ref4-3 (Dolan et al. 2017) . Many of the genes that were altered in the mutants were 304 related to abiotic or biotic stress, in which Mediator is known to play a major role (Samanta and 305 Thakur 2015b). The med16 and med5ab mutants were the most different from one another, 306
showing opposite regulation of many of the same genes ( Figures 5B and 7A ). Conversely, we 307 observed a strong correlation between the gene expression profiles of med5ab and med23 308 ( Figure 5B ). This finding is consistent with our previous observation that both med5ab and 309 med23 have higher levels of sinapoylmalate (Dolan et al. 2017 ) and suggests a broad functional 310 link between the two subunits, possibly mediated by a close physical association within the 311 complex. This close association is also supported by the observation that knocking out med23 312 in the MED5b mutant ref4-3 strongly and specifically suppresses the transcriptional and 313 phenotypic effects of ref4-3 (Dolan et al. 2017) . Our data also suggest that MED2 plays a more 314 general role in gene regulation than some of the other MED subunits, as only a small number of 315 pathways were significantly enriched in the med2 mutant, despite the substantial number of 316 genes that are differentially expressed in that line (Figures 4 and 6) . 317
As we previously reported, the med16 mutant is different from the other med mutants 318 investigated here, in that a large number of genes are upregulated in the mutant, consistent with 319 what has been observed in the yeast (Chen et al. 1993; Covitz et al. 1994; Jiang and Stillman 320 1995) . What was more surprising was that the genes that were upregulated in med16 were 321 associated with defense pathways, including those controlled by salicylic acid and jasmonic acid 322 ( Figure 7 , Table 2 , Cluster 4). MED16 has been extensively reported as being a positive 323 regulator of both SA and JA-mediated defense (Wathugala et al. 2012; Zhang et al. 2012 , 324 Wang et al. 2015 . Given the existence of numerous positive and negative regulators of 325 these pathways, close inspection of the identity and function of these genes will be required to 326 determine how these findings fit with known role of MED16 in defense response pathways. 327 Additionally, many of these genes are downregulated in med5ab (Figure 7 We also discovered evidence of a conserved role for MED23 in alternative splicing, in 345 that a number of RNA processing factors are co-expressed with MED23 and that more 346 alternative transcripts were produced in med23 than in the other mutants (Table 4, Figure 10A ). 347
All of the alternative splicing events that we examined occurred at either 5′ or 3′ ends of the 348 genes. GO-term analysis of these genes showed an enrichment of genes encoding membrane 349 proteins or proteins localized to different cellular compartments. Alternative splicing of N-or C- In the course of our alternative splicing analysis, we discovered that in med2 and med23 364 a region that appears to undergo transcriptional gene silencing (TGS) was derepressed ( Figure  365 11, Greaves et al. 2014) . Previously, mutation of Arabidopsis MED17, MED18 or MED20a was 366 shown to disrupt TGS at type II loci by reducing the efficiency with which Pol II is recruited, 367 causing reduced production of the long noncoding scaffold RNAs required for the recruitment of 368 Pol V (Kim and Chen 2011). These MED subunits were also shown to be required for TGS at 369 some type I loci, which are not known to require Pol II for silencing, but the mechanism by which 370 they are required is unknown. Whether MED2 and MED23 function similarly remains to be seen. 371
This study is the first to present a side-by-side comparison of the effects of multiple 372
Arabidopsis med mutants on global gene expression. Importantly, these data begin to unravel 373 the complex network of interactions within Mediator that are required for the regulation of 374 different genes and pathways and they suggest a number of potential avenues for future 375 investigation. 
Determination of Flowering Time 394
Pots were randomized within the growth chamber to minimize positional effects on growth. 395
The number of rosette leaves was counted on the first day that the inflorescence reached or 396 exceeded 1 cm and that day was recorded as the day of flowering. 397
398
RNA Extraction and Whole Transcriptome Sequencing 399
Samples were collected for whole transcriptome sequencing (RNAseq) 20 days after 400 planting, 6.5 hours after subjective dawn. For each biological replicate, five whole rosettes were 401 pooled from five different pots with randomized locations and immediately flash frozen in liquid 402 nitrogen. Samples were then stored at -80°C until RNA extraction. For RNA extraction, the 403 pooled rosettes were ground to a powder under liquid nitrogen using a chilled mortar and pestle. 404
Approximately 80 mg of ground tissue was then transferred to an Eppendorf tube for RNA 405 extraction using the RNEasy Plant Mini kit from Qiagen (Qiagen, Chatsworth, CA). Total RNA 406 was submitted to the Purdue Genomics Core Facility (Purdue University) for purification of 407 polyA+ RNA, library construction, and sequencing. All samples were dual-barcoded, pooled, 408 and loaded onto 4 sequencing lanes. Paired-end, 100 bp sequencing was performed by an 409 Illumina HiSeq2500 machine run in "rapid" mode (Illumina, San Diego, CA). Read mapping was 410 performed by the Purdue Genomics Core using the TAIR10 genome build and Tophat v. 2.1.0 411 (Trapnell et al. 2009 ). Transcriptome data has been deposited with the Gene Expression 412
Omnibus under accession GSE95574. 413 414
Statistical Analysis of RNAseq Data 415
RNAseq data was acquired as described previously (Dolan et al. 2017 ). Briefly, digital 416 gene expression (counts) for every exon was determined using the HTSeq-count program with 417 the intersection "nonempty" option (Anders et al. 2015) . Counts were summarized by gene ID. 418
The edgeR program was used for differential gene expression analysis (Robinson et al. 2010) . 419
The analysis began with a count table comprising 33,602 genes. Genes expressed at low levels 420 were filtered out by removing any genes for which there was not at least 1 count per million in at 421 least four of the samples. This resulted in a list of 18,842 expressed genes. The exact test for 422 the negative binomial distribution was then used to identify genes that were differentially 423 expressed in the med mutants compared to wild type (FDR < 0.01) (Robinson and Smyth 2008) . 424
The results of these analyses are available in Supplemental File S1. 425
Gene ontology enrichment was performed using DAVID v6.8 (Huang et al. 2008 ). All 426 genes that were expressed in our data set were used as the set of background genes for 427 enrichment testing. GO terms were considered enriched if the associated Benjamini-Hochberg 428 adjusted P value was less than 0.05. Where noted, redundant GO terms were removed for the 429 purposes of reporting. 430
Alternative splicing analysis was performed using the procedure provided in the edgeR 431 package (Robinson et al. 2010) . Testing was performed between each med mutant and wild 432 type using the diffSpliceDGE function (Lun et al. 2016 ). Simes' method was used to convert 433 exon-level P values to genewise P values. Genes with an FDR < 0.05 were considered as 434 having alternatively spliced transcripts. 435
The Athena analysis suite was used to identify and test for enrichment of transcription 436 factor binding motifs within 1000 bp of the transcription start site of each gene. Motifs were 437 considered enriched if the associated P value was less than 10E-4 (cutoff recommended by the 438
Athena developers based on a Bonferroni correction). 439
Data and Reagent Availability 440
Gene expression data has been deposited with the Gene Expression Omnibus under 441 accession GSE95574. Supplemental File 1 has been uploaded to the GSA Figshare portal. File 442 S1 contains the results of our differential expression analysis. Arabidopsis 
